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1. Preliminary Remarks 

Precision experiments have been crucial in both validating the Standard 
Model (SM) of particle physics and in providing directions in searching 
for new physics. The precision program, which started with the discovery 
of the weak neutral currents in 1973, has been extremely successful: it 
confirmed the gauge principle in the Standard Model, established the gauge 
groups and representations and tested the one-loop structure of the SM, 
validating the basic principles of renormalization, which in turn allowed 
for a prediction of the top quark and Higgs boson masses. In relation to 
new physics models, precision measurements have severely constrained new 
physics at the TeV scale and provided a hint of a possible (supersymmetric) 
gauge coupling unification at high energies. 

1.1. What is it all about? 

On the one hand, the term Precision Electroweak Physics (PEW) refers to 
quantities which are very well measured. How well? Let us say at the % 
level or better. However, not every well-measured quantity is of interest 
here. For example, the amount of cold dark matter in the Universe flcDM, 
Newton's constant Gn and the strong coupling constant are all very well 
known, yet they do not belong to the electroweak sector of the Standard 
Model: 

517(3) X SU{2)w X U{1)y 
QCD Electroweak 

The observables which are typically included in the precision electroweak 
data set are conveniently summarized in Tables 1 and 2. 
Our goal in these lectures will be the following: 

(1) we shall learn the meaning of some of the quantities in Tables 1 and 

2; 

(2) we shall find out how these quantities are measured by experiment; 

(3) we shall discuss the prospects for improving these measurements in 
the near future; 

(4) we shall find out their implications about the validity of the Stan- 
dard Model; 

(5) we shall learn how they can be used to predict or constrain as yet 
undiscovered physics - for example, the mass of the Higgs boson, or 
the existence/lack of new physics beyond the Standard Model near 
the TeV scale. 
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Tablel. Principal Z-po\e observables, their experimental values, theoretical predictions 
using the SM parameters from the global best fit as of 1/03, and pull (difference from the 

prediction divided by the theoretical uncertainty), r(had), r(inv), and T{i~^i~) are not 
independent, but are included for completeness. From Ref. 1. 
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1.2. Useful references for further reading 

For the current status of the precision electroweak observables, one should 
consult the "Electroweak model and constraints on New Physics" review ^ 
in the Particle Data Book ^ . There are nice lecture summaries from pre- 
vious schools 4,5,6,7,8,9,10,11^ .^qJj 13qq]^ collections of relevant review 
articles 12,13,14 rpj^g long-term prospects for improvement in the precision 
measurements have been discussed in several workshop reports, e.g. the 
Tevatron Run II Workshop and Snowmass 2001 I6,i7,i8 r^j^g website of 
the LEP Electroweak Working Group is another excellent source of infor- 
mation, with its continuously updated electroweak summary notes . 
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Tablc2. The recent status of non-Z-polc observables, as of 1/03. Prom Ref. 1. 
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2. The Tools of the Trade 

As usual, wc need to have a theory and experiments to test it. Before we go 
on to discuss the observables from Tables 1 and 2 in the next few sections, 
we first need to introduce the necessary theoretical ingredients and describe 
the relevant type of experiments. In Section 2.1 we review the electroweak 
Lagrangian and in Section 2.2 we discuss its input parameters. Sections 2.3 
provides a general review of some of the types of experiments which have 
contributed to the results in Tables 1 and 2. 



2.1. Theory 

Achieving the remarkable precision displayed in Tables 1 and 2 is only 
possible because the Standard Model provides a well-defined theoretical 
framework for computing the different electroweak observables in terms of 
a few input parameters and thus predicting different relations among them. 
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The SM electroweak Lagrangian for fcrmions is given by 



CF = J2'tpi(ip-mi-^^jtP, (1) 
-e^QViT^V'i^M {QED) (2) 

i 



5 



9.n«fl T.'^irigv - 9W)i>iZ^ im (4) 

icOSC/VF 

I 

where the vector and axial vector coupHngs are 

g\, = T^-2Q'smHw, (5) 
9'a = Tl (6) 
is the electric charge of fermion i, TJ is its weak isospin, Ow is the Wein- 
berg angle (tan^^y = ff'/ff)) 9 {9') is the SU{2)iy gauge coupling 
constant, and e = gsm6w is the electromagnetic coupling constant. The 
photon (An) and Z-boson (Z^) fields arc given in terms of the hypercharge 
gauge boson and neutral VK-boson as 

Af, = Bf, cos 6*14' + W^, sin 61,^, (7) 

Z^ = -Bf, sin 6*,^ + cos Ow (8) 
Often the neutral current interactions are equivalcntly written as 

]^|^^r{9U^-l')+9R{^+l'))^iZ^ (NC) (9) 
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2cos^w^ ^ 
with the redefinition 

9v = 9l+ 9r (10) 

9A= OL- QR (11) 

Exercise Use (5), (6), (7) and (8) to derive (1-4) from the SU{2)w x 
U{1)y gauge theory lagrangian supplemented with the Yukawa terms for the 
fermions. Hint: you will need to know the Higgs vacuum expectation value 
V, which is computed by minimizing the tree-level Higgs potential 

Vh = -If^'h' + (12) 

as 
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2.2. Fundamental parameters, input parameters and 

observables 

Fundamenial parameters are the parameters appearing in the original gauge 
theory Lagrangian. In the case of the electroweak Lagrangian, the funda- 
mental parameters are the gauge couplings g' and g. The Higgs sector of 
the theory (12) adds two more fundamental parameters: the Higgs mass 
parameter /x and self-coupling Xh- The remaining fundamental parameters 
are the Yukawa couplings in the Yukawa sector (1). Putting all together, 
the set of fundamental parameters is 

{g,g',XH,fJ^^,Xi}- (14) 

Often, as was the case above in Eq. (1-4), it is convenient to rcnvrite the 
Lagrangian in terms of derived quantities, i.e. input parameters. Through a 
simple redefinition we can trade one fundamental parameter for a combina- 
tion of a new (input) parameter and the remaining fundamental parameters, 
e.g. 

g' = gtanOw (15) 

eliminates g' from the Lagrangian and replaces it with dw Another exam- 
ple is 

v=—^, (16) 

which eliminates the combination v = h/^Xh in favor of the W-boson mass 
Mw The latter is directly accessible experimentally, unlike either Xh or 
H- A similar trick allows to go from Yukawa couplings to fermion masses: 

A. = (17) 

which is very convenient, as most fermion masses are well-known experi- 
mentally while in contrast the Yukawa couplings are small (with the ex- 
ception of the top Yukawa) and thus difficult to measure. Of course, one 
should make sure the total number of parameters stays the same for both 
the fundamental and input parameters. 

For the precision electroweak tests of the SM the following set of well- 
measured input parameters is typically used: 

{a,GF,Mz,mh,mi}, (18) 

where a — e^/An is the fine structure constant, Gp is the Fermi constant, 
which is measured from the muon lifetime, and Mz {rrih) is the Z-boson 
(Higgs boson) mass. 
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Exercise Find the relation between the input parameter set (18) and 
the fundamental parameter set (14). 

Finally, observables are the quantities which are measured by experi- 
ment. An example is the set of electroweak observables listed in Tables 1 
and 2. If the number of observables is larger than the number of input 
parameters, we can test the model. 

2.3. Experimental facilities 

As can be seen from Tables 1 and 2, the electroweak observables have 
been measured at a variety of experimental facilities. We shall now briefly 
describe each type. 

Lepton colliders 

Lepton (e+e^) colliders have played a very important role in the pre- 
cision program. Lepton colliders have numerous advantages, perhaps best 
summarized in the following aphorism: "At a lepton collider, every event 
is signal. At a hadron collider, every event is background." The main 
attractive features are: 

• Fixed center of mass energy in each event. This provides an addi- 
tional kinematic constraint, useful for eliminating the backgrounds 
as well as extracting properties of new particles, allowing e.g. a 
missing mass measurement. 

• All of the available beam energy is used (minus beamstrahlung), i.e. 
we have an efficient use of particle acceleration. 

• Clean environment: easier identification of the underlying physics 
in the event, easier heavy flavor tagging, less backgrounds. 

• Polarizability of the colliding beams (SLC). The polarization of the 
colliding beams can be used to reweight the contribution of the 
different diagrams involving VF's, Z's and 7's. 

Naturally, lepton colliders also have certain disadvantages in comparison 
to hadron colliders (see below), which makes both types of facilities equally 
valuable and to a large extent complementary. 

Figure 1 summarizes some of the history of e+e" colliders. In reverse 
chronological order (including future facilities), they are: 

• The Next Linear Collider (NLC) with an initial CM energy of 500 
GeV is now under active discussion as the next large international 
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Figurel. Total e+e~ cross section from CESR/DORIS to LEP energies. 

particle physics facility. Its timescale is still uncertain, but the NLC 
was ranked as the top priority among mid-term science facilities in 
the Department of Energy's OfHce of Science 20-year science facility 
plan 

• LEP-II at CERN (1996-2000). It had the highest CM energy so far 
among lepton colliders. LEP-II took data at several ^/s before shut- 
ting down in November 2000 amidst much speculation and heated 
discussions. There were four experiments (detectors) at diametri- 
cally opposite sites: ALEPH, DELPHI, L3 and OPAL. 

• LEP-I at CERN (1989-1995), which took data at several energies 
around -^s = Mz- 

• SLC at SLAC (1989-1998). It reached energies up to 100 GeV and 
also took data around the Z-pole. Unlike LEP, it had an important 
advantage: the availability of beam polarization (80%). 

• B-factories: PEP-II at SLAC (1999-present), 9 x 3.1 GeV; KEKB at 
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KEK (Japan) (1999-present) 8 x 3.5 GcV; CESR at Cornell (1979- 
present). Exercise: Why are the B-factories asymmetric? 

• Others {^/s < 10 GeV) (Novosibirsk, Bejing, Frascati). 

Hadron colliders 

In turn, hadron colliders have their own advantages: 

• Protons arc much heavier than electrons, which leads to a reduction 
in the radiation losses. As a result, for a given CM energy, the 
ringsize of a hadron collider is smaller. Equivalently, for a given 
ringsize (and fixed magnetic field), a hadron collider allows to reach 
higher CM energies. 

• Even though the CM energy of the colliding beams is large, the 
typical parton CM energy is much smaller, but usually still beyond 
the CM energy of LC competitors. 

The main hadron collider facilities are the following: 

• LHC (CERN) is currently under construction and is projected to 

begin operation in 2007-8 as a 7 x 7 TcV pp collider. There will be 
four experiments - ATLAS, CMS, LHCB and ALICE. The initial 
data taking rate will be 10 fb~^ per year at low luminosity and will 
subsequently increase to 100 fb"^ per year. 

• The Tevatron Rim II at Fermilab is now operating as a 0.98 x 0.98 
pp TeV collider. There are two experiments: CDF and DO, and the 
hope nowadays is for 8 fb~^ per experiment before the LHC. 

• The Tevatron Run I (1987-1996): discovered the top quark. It 
operated in a 0.9 x 0.9 pp mode and delivered 110 pb~^ of data per 
experiment. 

• SppS at CERN (1981-1990). It was a 300 x 300 GeV pp colHder, 
and discovered the W and Z bosons. 

It is interesting that the last three SM particles {W, Z and t) were discov- 
ered at hadron colliders and chances are that the last one (the Higgs boson) 
will follow suit. 

Other facilities 



In addition to the collider experiments mentioned above, there are nu- 
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merous fixed target experiments, whose main advantage is the lower cost 
and large luminosity (because of the dense target). Their main disadvan- 
tage is the low center of mass energy, which scales with the beam energy 
Eh only as Ecm ^ \/Eb- Another class of experiments on muon dipole 
moments were done at muon storage rings - at CERN, and more recently, 



In conclusion of this section, we should comment on the experimental 
identification of heavy particles, which decay promptly and are detected 
only through their decay products. For example, a W^-boson decays either 
to a pair of quarks, which later materialize into QCD jets, or to a lepton 
and the corresponding neutrino. The W branching fractions are B{W — > 
qq') 2/3, and B{W Ivi) - 1/9 for ^ = e, yU, r. The jets (or the lepton 
and its neutrino) may have had a different source, and the only indication 
that they may have come from a W decay is that their invariant mass is 
close to Mw . 

Similarly, a .Z^-boson can decay to pairs of quarks, leptons or neutri- 
nos, with branching fractions B{Z qq) ~ 0.7, B{Z — > uu) ~ 0.2 and 
B{Z — > i~^£~) ~ 0.1 (summed over the three generations). When both 
decay products are visible, their invariant mass is again required to be near 
Mz. 

A word of caution: r is not always a lepton! A r-lepton can decay 
leptonically to e or with a branching ratio 0.18 for each, or hadronically, 
with a branching ratio 0.64. In the latter case it appears as a "tau jet", 
which is similar'' to an ordinary QCD jet. To an experimentalist, a "lepton" 
is either an e or a /i, which may or may not have come from a tau decay. 
By r's, experimentalists often mean "tau jets" . 

3. Precision Measurements at the Z Pole 

At the Z pole the cross-section for e+e~ ff is dominated by the Z 
diagram. For / ^ e we have 



at BNL. 



dai _ 9 sTeeTff/Ml; 



(l + COS^ 9){l-PeAe) 



+ 2cOsM/(-Pe + ^e) 



(19) 



■Although not quite - a tau jet is more narrow and has lower track multiplicity. 
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where P,, is the pohirization of the electron beam (relevant at SLC), ,s is 
the square of the CM energy, Fz is the total Z width'', Fee and Fj-j are 
the partial widths for Z — > ee and Z — > //, correspondingly. (The partial 
widths are related to the Z branching fractions as B{Z — > //) = Tfj/Vz-) 
In (19) is the angle between the incident electron and the outgoing fermion 
and ^/ is the left-right coupling constant asymmetry: 

where in the second equation we have used (5) and (6). Notice that Af <1. 
Since gv and qa only depend on the quantum numbers of the particles, it 
follows that Af is the same for all charged leptons, all up- type quarks and 
all down-type quarks. For example, for charged leptons 

fiff = - ^ - 2(-l) sin^ Ow ~ -0.50 -|- 0.462 = -0.038 (21) 

9a = -\ = -0.50 (22) 

We see that because of an accidental cancellation Qy <^ Qa- For the asym- 
metry we then get (at tree level) 

2(-G.038)(-0.5) 
= (-0.038)2 + (_o.5)2 - 0-15 (23) 

(compare to the values measured in Table 1). This small value of A^ 
makes it particularly sensitive to electroweak vacuum polarization correc- 
tions (which have an impact on sin^ Ow)- In terms of sin^ 6w, we have 



2(1 -4sin2 dw) 
l-h(l-4sin2 Ow)"^ 



Therefore small changes in sin^ Qy^ are amplified by a factor of 8 in the 
leptonic asymmetry A^. 

Exercise: Confirm roughly the numerical values for Ab and Ac in Ta- 
ble 1. 



''The result (19) already incorporates the s-depcndcnt width 

which in turn accounts for the effect of the so called "non-photonic" , or oblique, one-loop 
corrections, i.e. the corrections to the Z propagator. For details, see 22. 
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Let us now discuss the various measurements on the Z-pole. We shall 
need the following integrals for the forward and backward regions: 

F : / {l + cos'^e)smede = / 2 cos 6» sin 61^61 = 1; (25) 
Jo 3 Jo 

B : [ {1 + cos^e) sin 9de [ 2cos6lsin6'd6' = -1. (26) 



3.1. Z resonance parameters 

Scanning the Z peak and fitting to cr^ yields measurements of Mz, Tz and 
the peak hadronic (/ = q) total cross-section ahad (obtained for s = Mz 
by integrating (19) over the full solid angle): 

Recall that the LEP beams arc not polarized, so Pg = 0. Figure 2 shows 
the hadronic cross-section Ohad measured by the four collaborations as a 
function of the center-of-mass energy (solid line). Also shown as a dashed 
line is the cross-section after unfolding all effects due to photon radiation. 
The radiative corrections arc large but very well known. At the peak the 
QED deconvoluted cross-section is 36% larger and the peak position is 
shifted by ~ 100 MeV. 



3.2. Branching ratios and partial widths 

Looking at various exclusive final states one can determine the following 
ratios 

A s (29) 

had 

Rc^^; (30) 

J- had 

with £ = {e,/i, r}. Basically this amounts to measuring the Z branching 
fractions. 

Having measured the total width from the peak scan and all visible 
partial widths, one can determine the invisible partial width (for Z — > vP): 

^inv — ^had ^ee -^MP L7-7- (31) 
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Figure2. The final hadronic cross-section averaged over the four experiments at LEP-I, 
as a function of the center-of-mass energy, as measured (solid line) and QED deconvoluted 
(dashed line). 



and count the number of neutrino species coupling to the Z. Assuming 
that Vinv = -/VyFjy, where is the Z partial width to pairs of a single 
neutrino species, we have 

= T^^TTV^- (32) 

The ratio of r^n^, and the Z partial width into charged leptons is used 
in order to minimize the uncertainties due to the electroweak corrections 
which are common to both partial widths and cancel out in their ratio. The 
Z lineshape in the hadronic channel is shown in Figure 3 along with the 
SM prediction for two, three or four neutrinos species. The result confirms 
that there are three light neutrino flavors with SM-like couplings to the Z. 
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Figures. The Z lineshape in the hadronic channel along with the SM prediction for 
two, three or four neutrinos species The lower plot shows the ratio of the measured 
points to the best-fit values. 

3.3. Unpolarized forward- backward asymmetry 

The unpolarized forward-backward asymmetry is determined by a simple 
counting method in e+e~ ff scattering 

^FB = ^7 T = 7^e^/, (33) 

where ap (cr^) is the total cross-section for forward (backward) scattering 

of / with respect to the incident e~ direction. 

Exercise: Use (25-26) in order to derive the second equality in (33) 
and then check the numerical values for Ap^ from Table 1 for f = i,b, c. 



Hadrons N„ = 2 
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3.4. Left-right asymmetry 

The left-right asymmetry is defined as 

, _ 1 afi-\Pe\)-af{+\Pe\) 



where cr^ {Pg) is the total (integrated over all angles) cross-section for pro- 
ducing // pairs with an electron beam of polarisation Pg- 
Exercise: Derive the second equality. 

3.5. Left-right forward- backward asymmetry 

The left-right forward-backward asymmetry is defined as 

^/ _ 4HPe\) - 4i-\Pe\) ~ 4i+\Pe\) + 'yii+\Pe\) _ 3^^^ 

4(-|p,|) + 4(-|Pe|) + 4( + |Pe|) + 4(+|Pe|) 4 « ^ 

It allows a direct determination of the Af quantities which are presented 
in Table 1. 

Exercise: Derive the second equality. 

To summarize or discussion so far, there are three observable asymme- 
tries, measuring either A^, Af or their product. 

3.6. Tau polarization 

The tau Icpton is the only fundamental fcrmion whose polarization is exper- 
imentally accessible at LEP and SLC. The average polarization of r leptons 
is defined by 

Pris) = " VW^^ (36) 

where ct*°*(s) is the r production cross-section via Z exchange, integrated 
over all angles, and the subscripts + and — refer to the r helicity states -1-1 
and —1. The dependence of P^ at the Z pole on the polar angle 9 has the 
form 24 

^ ' 1 + cos2 6'-h2^^AeCos6i ^ ' 

The r polarization is measured using five exclusive decay modes which 
comprise about 80% of all r decays: euP, nvD, ■k{K)u, pv and a\v. The sin- 
gle TT and K modes are not normally distinguished. The different channels 
do not all have the same sensitivity to the r polarization, ir^K)!/ being the 
best in that respect (see Fig. 4). The energy and/or angular distributions 
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- Neg. Helicity x 



OPAL 



Figure4. Observed distributions of the polarization estimators for the different channels 
studied by OPAL compared to the SM expectation for positive or negative r helicity. 



of the decay products can be used as r polarization analysers Figure 4 
shows an example of the different distributions used and their sensitivity 
to the T polarization. 

Fitting the experimental data for Pr{cosO) (an example from the 
ALEPH experiment is shown in Figure 5) to Eq. (37) allows an extraction 
of At- and which enter Table 1 as ArlVr) and AeiVr), correspondingly 



4. Precision Measurements at LEP-II 

LEP-II was able to pair produce VF's and perform measurements of AIw, 
Tw and the W branching fractions. There are three diagrams contribut- 
ing to M^-pair production: a t-channel v exchange, and an s-channel 7* 
and Z exchange. The latter two diagrams contain triple gauge boson cou- 
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Figures. Tau polarization as a function of cos 9. The dashed (dotted) line is the result 
from a global fit to the data with (without) the universality assumption Ae = At- 

plings, tlierefore LEP also tested the nonabelian nature of the SM gauge 
interactions. 

The W mass measurement involves reconstruction of the invariant mass 
of the W decay products. For WW, there are three possible final states: 4g, 
qqive. and 2t2vi. The LEP measurements used only the first two channels. 
In the case of qqive, the energy and momentum of the missing neutrino are 
easily deduced from energy and momentum conservation. Then the four 
objects are paired up and the invariant mass of each pair is computed. The 
resulting invariant mass distribution in the qq^,y^ channel is shown in Fig- 
ure 6. The mass peak is very pronounced, with virtually no background. 
The position of the peak allows an extraction of Mw, while its width is 
indicative of Tw , where in addition one has to worry about detector reso- 
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Figure6. Reconstructed W mass distribution from tlie ALEPH experiment for the 
qq^Vi_i cliannel. The data are compared to the Monte Carlo prediction for Mw = 80.60 
GeV. 

lution effects (smearing). All four experiments are consistent and so far tfie 
LEP Mw measurement is sliglitly better tlian the Mw measurement from 
the Tevatron (see below). The W mass measurement is of extreme impor- 
tance - as we shall see later, Mw is one of the observables most sensitive 
to the Higgs mass mh. 

The W branching ratios were measured in WW production and the 
results displayed in Table 3 nicely demonstrate lepton universality. 

The measurement of the rise in the VF-pair cross-section near threshold 
provides an alternative method for determining Mw- The result for energies 
up to 207 GeV is shown in Figure 7. The method is statistically limited and 
yields inferior precision compared to direct Mw reconstruction. However, 
it clearly demonstrates the need for all triple gauge boson couplings in order 



20 



Tables. LEP measurements of the W 
branching fractions derived from WW pro- 
duction cross-section measurements'^". 



Decay mode 


Branching fraction (%) 


W eUe 
W IMU^ 
W TU^ 

W qq' 


10.59 ±0.17 
10.55 ±0.16 
11.20 ±0.22 
67.77 ±0.28 




Figure7. The measured WW cross-section at LEP as a function of the center-of-mass 
energy, compared to the predictions of the event generators RacoonWW and YFSWW. 
The magenta (upper dotted) hne is the theoretical result ignoring both WW-/ and WWZ 
couplings, while the red (lower dotted) line neglects WW Z only. 



to understand the data. 
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Figures. The measured e+e" — > ZZ cross-section at LEP as a function of the center- 
of-mass energy. The soUd Une is the SM prediction and the band indicates its ±2% 
uncertainty. 



LEP-II also measured the ZZ cross-section. However, the electron cou- 
plings to the Z are smaller, and in addition Mz > Mw- Thus the sample of 
ZZ pairs was much smaller and the measurement of the ZZ cross-section 
was not as good as for the WW case. Nevertheless, a comparison of the 
combined data to theory (Fig. 8) reveals good agreement within the large 
errors of the data. 
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5. Precision Measurements at the Tevatron 
5.1. Top mass measurement 

Since the top quark is so heavy, so far it can only be produced at the 
Tevatron. The dominant mechanism for pair-production is qq tt through 
a virtual s-channel gluon. Single top production is also possible. 

The top quark decays as t ^ Wb almost 100% of the time. Top quark 
pair-production then gives W^W^bb events and there are three possible 
discovery channels, depending on the W decays: 

• Both W's decaying hadronically - 6 jet final state (264j). This is 
the largest signal cross-section, but with large QCD backgrounds. 

• One W decays hadronically, the other leptonically: £2b2j^j. (lepton 
plus jet sample). This was the best channel for Run I, because there 
was a sufficient number of events, yet the background was under 
control. 

• Both W's decaying leptonically: 2£2bl^rp (dilepton sample). This 
channel has the largest S/y/B ratio, however it is limited by statis- 
tics. 

Both experiments (CDF and DO) have conducted measurements of rrit 
in Run I and the results from the two experiments as well as from different 
channels are consistent with each other (see Fig. 9). The direct rrit mea- 
surements from the Tcavtron are in very good agreement with the best fit 
value for nit extracted from the electroweak precision fits (see Section 6.6). 
Right now rrit is the best measured of all quark masses. 

In Run II one can anticipate significant improvements the expected 
precision on the mt measurements is shown in Table 4. In fact, there are 
already some preliminary top results from Run II 



Table4. Expected precision (in GeV) on the mt 
measurements in Run II for the lepton plus jet 
and for tli(* dilcpluii cliaiiiicl. (From Hcf. 18.) 



J Cdt (fb-^) 


2 


15 


30 




Statistical 


1.7 


0.63 


0.44 


Systematic 


2.1 


1.2 


1.1 


Total 


2.7 


1.3 


1.2 




Statistical 


2.4 


0.87 


0.62 


Systematic 


1.4 


1.0 


1.0 


Total 


2.8 


1.3 


1.2 



Tevatron Top Quark Mass Measurements 
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Figure9. Run I Tevatron results for mt and the global average. (From Ref. 28.) 



5.2. W mass measurement 

W bosons can be singly produced at the Tevatron with a relatively large 
cross-section ^ 1 nb. The W is subsequently detected through its leptonic 
decay mode to a charged lepton and the corresponding neutrino. (The 
hadronic decays cannot be used because of the enormous dijet background 
from QCD.) The signature is £I^rp + X. Unfortunately, we cannot recon- 
struct the invariant mass of the W, because of the unknown longitudinal 
component of the neutrino momentum. Hence we must extract Myy from 
transverse quantities only. 

There are several possible methods looking at the transverse mass 
(M^), the transverse momentum of the charged lepton {p^) or the missing 
transverse energy I^rp. Since different methods have different systematic er- 
rors, it is desirable to have as many independent measurements as possible. 

In Run I the transverse mass method was used. (The method was 
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limited by the number of leptonic Z events - see below.) The transverse 
mass'^ is defined as 



MX 



2p^pl^{l — cos ( 



(38) 



where (f> is the angle between pfp and in the transverse plane, pl^ is 
nothing but the missing transverse energy and is measured as 



Pt 



(39) 



where U is total transverse momentum of the remaining hadronic activity 
in the event (typically a jet from initial state radiation). The transverse 
mass distribution exhibits a characteristic drop-off around Mw, as shown in 
Fig. 10. The Mw measurement is done by fitting Monte Carlo predictions 
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FigurelO. Transverse mass distribution of — > fiu events from the CDF Run IB data, 
with the best fit. The shaded distribution is the background. 



for different values of Mw to the observed M^ distribution. In addition, 
at large M^ the shape of the distribution is sensitive to the intrinsic W 
width Tw, as illustrated in Fig. 11, which allows for a direct measurement 
of Tw- 

Tw = 2.055 ± 0.125 GeV. (40) 



'^The name is appropriate since when the W has zero longitudinal momentum p^y ths 
transverse mass coincides with the invariant mass Mw If) however, \p^\ > 0, then 
M]f < Mw 
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rnj, (GeV) 

Figurell. Monte Carlo simulations of the transverse mass spectrum for different W- 
boson widths. The normalization is arbitrary. (Prom Ref. 31.) 

An alternative method for measuring Mw employs the lepton pT dis- 
tribution, which cuts off around However, unlike , the pj. 
distribution depends on the W boost, and therefore on the transverse mo- 
mentum with which the W was produced. It is difficult to compute 

by theoretical means, especially in the low pr region, and it is best 
to extract it from data. For this purpose the Tevatron experiments have 
used the observed distribution, which has a similar shape, but fewer 
events. Hence, in Run I this method was statistically limited, but offers 
good prospects for Run II. The expected precision of the Mw measurements 
at the Tevatron by the two methods is shown in Table 5. 
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Tables. Expected precision (in MeV) 

on the Tevatron Myy measurements in 

Run 11. (Friim Kef, 18.) 



/ Cdt (fb-^) 


2 


15 


30 




Statistical 


19 


7 


5 


Systematic 


19 


16 


15 


Total 


27 


17 


16 


Pt 


Statistical 


44 


16 


11 


Systematic 


10 


4 


3 


Total 


44 


16 


12 



6. Theoretical Interpretation of the Precision Electroweak 
Data 

We can make use of the precision electroweak data in three differrent ways: 

• Test the Standard Model. 

• Predict the preferred mass range of yet undiscovered particles: top 

quark in the past, nowadays the Higgs boson. 

• Point towards specific new physics models (in case of some discrep- 
ancy) or constrain new physics models (if agreement is found). 

We shall discuss each one in turn. 
6.1. Testing the Standard Model 

Having made a variety of measurements for different observables, we can 
test the SM by comparing theory to experiment. For this purpose we need 
to compute the theoretical prediction within the SM for each observable. 
How do we do it? 

Recall that in the SM we start with the input parameters 

{p} = {a, Gf, Mz,g3, mh,mt, mh,mc,ms, ...} , (41) 

where the first three are the parameters of the electroweak sector. Any other 
electroweak quantity, e.g. sin^ 9w, Mw etc. can be expressed in terms of 
these and thus is predicted by the model. At tree level the expressions 
are simple and only involve the electroweak inputs a,GF, Mz, e.g. the 
Weinberg angle can be found from 

Similarly, the W mass is 

Mw = Mz cos Ow (43) 
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with 6\Y given by (42). 

The radiative corrections, however, modify the tree level relations and 
introduce the remaining (non-electroweak) parameters into the game, so 
that each electroweak observable depends in principle on the full set of 
input parameters (41): 

Of-'>^y[{p]) = 0T{a, Gf, Mz) [1 + A,(M)] . (44) 

By measuring enough electroweak observables (with sufficient precision so 
that we are sensitive to the radiative corrections) we can extract information 
about the values of the other parameters outside the electroweak sector. We 
can then test the model for consistency by comparing the values deduced 
indirectly with direct measurements of those parameters. 

So the strategy is as follows. First compute the corrections in a certain 
renormalization scheme, treating some parameters as fixed inputs (usually 
the best measured ones). Then perform a global fit to the electroweak 
data. This will result in "best fit" values for the remaining (floating) input 
parameters. Then 

(1) Compare the "best fit" values of the floating parameters to their 
direct measurements (if available). For example, the fit will choose 
"best" values for M\y . TO/ , a., , which have been measured by other 
means directly. On the other hand, the best fit value for rrih cannot 
be checked against experiment yet, but is perhaps the most valuable 
piece of information from the global fit. 

(2) For the best fit values found above, compute and quote the theoret- 
ical prediction of the SM for each observable. This is the number 
quoted under "Standard Model" in Tables 1 and 2. Then compare 
the experimental and theoretical values of the observables them- 
selves. A large discrepancy in a certain place may signal new physics 
which affects that particular measurement but not the others... 

There are two popular programs on the market which would accomplish 
this program: 

• ZFITTER which uses the on-shell scheme; 

• GAPP 33 (global analysis of particle properties), which utilizes the 
MS scheme and is used for the PDG review. 

6.2. Fixed parameters 

The parameters which are held fixed in the global fits are the following. 
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Fine structure constant a. It is measured at low energies, so in order 
to obtain g'{Mz) and g{Mz) we need to evolve it up to the Z scale: 

= l-Aa(M.) - 

Aa has QED and (two- loop) QCD contributions. The latter are denoted 
as Aa|^^^^ (for five active quark flavors below Mz)- The global fit produces 
a "best fit" value for it 

A4ad(Mz) = 0.02778 ± 0.00020, (46) 

which can again be compared to theoretical estimates. The uncertainty 
arises from higher order perturbative and nonperturbative corrections, from 
the uncertainty in the light quark masses (most notably rric) and from 
insufficient e+e" data below 1.8 GeV. Sometimes, however, the theoretical 
estimates are used as a constraint in the fit and predetermine the best fit 
value. 

Note that a.-'^ = 137.03599976 ± 0.00000050 is much better known than 
a'^^{Mz) = 127.922 ± 0.020, which explains why it is preferred as an input 
parameter. 

Fermi constant Gp = 1.16637(1) 10"^ GeV"^. It is determined from 
the muon lifetime formula 



1927r3 ^m^M + 5 M 2, 



(47) 



where 

F{x) = 1 - 8a; + 8a;^ - a;^ - 12x'^ In x (48) 

and C2 is a known number. The remaining uncertainty in Gp is almost 
entirely from the experimental input. 

Fermion masses. For simplicity, the fermion masses are held fixed, 
with the exception of rrit and me- 



6.3. Floating parameters 

The remaining parameters from the set (41), which were not mentioned in 
Sec. 6.2, are floating and their values are determined from the global fit. 

• Mz- It is measured very well, and since the experimental measure- 
ment is included in the fit, the "best fit" value for Mz is very close 
to the experimental one (see Table 1). 
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• a^. Its best fit value ^ 

Q!s(Mz) = 0.1210 ±0.0018 (49) 

is in very good agreement with direct determinations from tau de- 
cays, charmonium and upsilon spectra, jet properties etc. 

• mt- The best fit value, including the Tevatron data, is ^ 

mt = 174.2 ± 4.4 GeV. (50) 

However, even if we take the Tevatron data out, the prediction of 
precision data alone ^ 

mt = UA.Otri GeV. (51) 

is in impressive agreement with the direct Tevatron value 174.3±5.1 
GeV. 

• Higgs boson mass nih. The best fit value is ^ 

mh = 86+3^ GeV. (52) 

The central value is well below the LEP exclusion limit from direct 
searches, but is consistent at la. The result for the Higgs mass 
is often shown as "the blue band plot" (Fig. 12). However, there 
are two caveats which we shall discuss in more detail below. First, 
the blue band plot hides a potential discrepancy between individual 
contradictory measurements. Second, the dependence on rrih is only 
logarithmic, and new physics contributions at the same level may 
have an impact on the Higgs mass prediction. 



6.4. Comparing the values for the electroweak observables 

Once we have the best fit values for the floating parameters, we can predict 

the theoretical central values C*'' for the remaining observables in Tables 1 
and 2. We can then compare theory (O*^) to experiment (C^^p). The 
results are usually presented as "pulls" , which in Tables 1 and 2 are defined 
as 



where a*^ is the error on O*^. 

All in all, the fit is successful, as evidenced from Fig. 13. One is tempted 
to conclude that the SM works pretty well, having been tested at the level 
of 1% and less. No major discrepancies are observed, and, with so many 
measurements, a few 2 — Str deviations are simply inevitable. 
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[GeV] 

Figurel2. Of particular interest is the constraint on the mass of the Higgs boson, 
because this fundamental ingredient of the Standard Model has not been observed yet. 
The figure shows the Ax'^ = X'^ ~ X^in curve derived from precision electroweak 

measurements, assuming the Standard Model to be the correct theory of nature. The 
solid line is the result of the fit using all data while the band represents an estimate of 
the theoretical error due to missing higher order corrections. The vertical band shows 
the 95% CL exclusion limit on from the direct Higgs search at LEP. (From Ref. 20.) 

6.5. The Higgs mass prediction 

Let us now understand better where the Higgs mass prediction conies 
from. Ideally, we should concentrate on those observables which exhibit 
the strongest dependence on the Higgs boson mass mh- For this purpose, it 
is useful to plot the theoretical prediction for each observable as a function 
of m/i and contrast it with the experimental measurement (see Figures 14- 
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FigurelS. Agreement between the measured values for some of the precision electroweak 
observables and their SM predictions, as of the Summer of 2003. (From the LEP 
EWWG".) 
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17). We see that the observables most sensitive to m/j are the W mass M^r 
and the asymmetries. We will discuss these in more detail in the next two 
subsections. 




.6 



1.992 2 2.008 



a?ep [nb] 

Figurel4. Comparison of LEP-I measurements with the SM prediction as a function of 
m^. The measurement with its error is shown as the vertical band. The width of the 
SM band is due to the uncertainties in Aa^j^^^{A'Iz), as{Mz) and mt- The total width 
of the band is the linear sum of these effects. (From the LEP EWWG ^o.) 
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Figurel5. Comparison of LEP-I measurements with the SM prediction as a function of 
mjj. The measurement with its error is shown as the vertical band. The width of the 
SM band is due to the uncertainties in Aaf^^^{Mz), as{Mz) and mt- The total width 
of the band is the linear sum of these effects. Also shown is the comparison of the SLD 
measurement of At, dominated by Al^, with the SM. (From the LEP EWWG ^°.) 
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Figurel6. Comparison of LEP-I and SLD heavy flavor measurements with the SM 
prediction as a function of . The measurement with its error is shown as the vertical 
band. The width of the SM band is due to the uncertainties in Aa'^j^^^lAIz), a3(Mz} 
and mt- The total width of the band is the linear sum of these effects. Also shown is 
the comparison of the LEP-I measurement of the inclusive hadronic charge asymmetry 
Qj,'^! with the SM. (From the LEP EWWG .) 
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Figurel7. Comparison of Mw and Fw measured at LEP-II and pp colliders, of sin'^ 9yy 
measured by NuTeV and of atomic parity violation in caesium with the SM prediction 
as a function of ruf^. The measurement with its error is shown as the vertical band. The 
width of the SM band is due to the uncertainties in Aa^i^^j{Mz), as{Mz) and mt- The 
total width of the band is the linear sum of these effects. (From the LEP EWWG ^0.) 
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6.6. Impact of the M\y measurement on m.^ 

An approximate formula for Mw (in the M S scheme) , which exhibits the 
dependence on the relevant electroweak parameters, is 



The experimentally measured value for Mw seems to be a bit high (Table 2). 
As we can see from (54), a largish Mw can be explained by either a small 
m/i, a larger nii, a smaller as, or some combination of the above. The 
correlation between Mw, "nit and mh from the precision data is shown in 
Fig. 18, where the solid contour delineates the 68% CL region resulting from 
a global fit omitting the Mw, and mt measurements. Also shown is the 
SM prediction for this correlation, for rrih = 114,300,1000 GcV. We first 
see that the indirect determination of Mw and rrit from precision data alone 
is in very good agreement with the direct Mw and mt measurements shown 
with the dashed contour. This fact may not look that impressive, now that 
the top quark and the W boson have been discovered, but nevertheless it 
should be considered as a triumphant success of the precision program. We 
also see that both the direct and indirect measurements of Mw and mt 
prefer a light Higgs boson. 

6.7. Impact of the asymmetry measurements on nih 

The asymmetries (or equivalently, sin^ O^f f ) also exhibit significant sensi- 
tivity to rrih- Examining Figure 15, we notice a couple of things. First, 
Ai and place contradictory demands on the Higgs mass: Ai prefers a 
very small rrih while ^^"g prefer a heavier Higgs boson. There are a couple 
of Ai measurements - one from LEP and the other from SLD, and they 
seem to be in agreement. Second, since the best fit value for m/, is low, 
this means that A^p% will be off from its "SM prediction'"^. Finally, the 
NuTeV measurement of sin^ 6w (Figure 17) also seems to prefer a rather 



'^Of course, if we compute the prediction with a large mh, then A^'pg will be OK, 

but a number of other well measured observables will deviate, most notably and M\y, 
and the fit will become worse. 



Mw = 80.3827 -0.0579 In 





) 



(54) 
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FigurelS. A comparison of the indirect measurements of Mw and mt (LEP-I+SLD 
data) (solid contour) and the direct measurements (pp coUiders and LEP-II data) (dashed 
contour). In both cases the 68% CL contours are plotted. Also shown is the SM relation- 
ship for the masses as a function of mjj. The arrow labelled Aa shows the variation of 
this relation if a{Mz) is changed by la. This variation leads to an additional uncertainty 
to the SM band shown in the figure. From Ref. 20. 



heavy Higgs boson. The results for the various asymmetries are often con- 
veniently summarized as measurements of sin^ ^ig'* (Fig- 19)- 
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Figurel9. Comparison of several determinations of sin 6^^ from asymmetries. Also 
shown is the prediction of the SM as a function of m^. The width of the SM band is 
due to the uncertainties in Aa^i^^j(Mz), Mz and mt- The total width of the band is 
the linear sum of these effects. (From Ref. 20.) 



6.8. A Higgs puzzle? 

Tables 1 and 2 contain a large number of observables, with different sensitiv- 
ity to the Higgs mass nih- Let us concentrate on a few selected observables 
with sufficient resolving power with respect to rrih and look at the range of 
m/i preferred by each one (Figure 20). We see that, as discussed previously, 
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Figure20. Preferred range for the SM Higgs mass from various electroweak observ- 
ables. The shaded band denotes the overall constraint on the mass of the Higgs boson 
derived from the full data set. (From Ref. 20.) 
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My[/ and the Icptonic asymmetries prefer a very light Higgs boson, while 
Ap'g and NuTeV prefer a heavy Higgs boson. The current best fit value 
of m/i of just below the LEP limit arises from the combination of these 
somewhat contradictory measurements. Is this a problem? Chanowitz has 
made the argument that this discrepancy presents a "no-lose" case for new 
physics 35,36. 

• One possible interpretation is that is already indicative of new 
physics, and the discrepancy is real. However, any such new physics 
effect should not contribute too much to Rb, which seems to be 
in agreement with the SM. Proposed solutions to the puzzle in- 
clude a heavy Z' boson with nonuniversal couplings to the third 
family 37,38,39 ^^^^ mirror vector-like fermions mixing with the bu 
quark 

• Alternatively, the (and possibly the NuTeV) measurement 
could be wrong due to a statistical fluctuation or some unknown 
systematics. In that case, we should throw out the suspect mea- 
surements from the fit altogether. This significantly improves the 
goodness of fit, but at the expense of a much lower best fit value of 
mfi, whose upper bound from the fit becomes mh < 120 GeV at 95% 
CL, leading to some tension with the direct LEP bound m/i > 114 
GeV. In this scenario new physics is again needed in order to mod- 
ify the radiative corrections and thus allow an acceptable rrih ^^'^2. 
However, one should keep in mind that the tension between the in- 
direct determination of mh and the direct lower bound from LEP 
is statistically rather weak at the moment, and may be alleviated 
significantly, if, for example, the top quark turned out to be a lit- 
tle heavier, as suggested by the recent DO analysis of their Run I 
data "'^ (which gives rrit = 180.1 ± 5.4 GeV). This is illustrated in 
Figure 21, which shows the effect of a Ict upward fluctuation in rrit 
on the indirect Higgs mass determination 

7. Testing for New Physics 

The precision data can be used to constrain or point towards new physics. 
To this end, there are different approaches. 

• Model-independent. If there is new physics, then upon integrat- 
ing out the new heavy degrees of freedom we will end up with a set 
of higher dimensional operators in the low-energy lagrangian. The 
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rriH [GeV] 

Figure21. The effect of a la change in nit on the Higgs mass constraints. (From 
Ref. 44.) 

most model-independent approach, therefore, will be to write down 
all possible higher-dimensional operators consistent with the sym- 
metries of the Standard Model. These operators will be suppressed 
by some scale A (presumably the scale where the new physics will 
appear) to the appropriate power. The size of these operators can 
be parameterized by dimensionless coefficients of order unity. We 
can then use the precision electroweak data in order to constrain the 
dimensionless coefficients of the relevant operators 45,46,47^ ^pj^g 
vantage of this approach is that it is completely model-independent. 
Unfortunately it is too complicated and time-consuming, and is 
rarely used for the case of more than a few operators. 
• Model-dependent. Alternatively, one can completely specify the 
new physics model of interest, e.g. minimal supergravity mini- 



mal gauge mediation , minimal universal extra dimensions 4o,50^ 
little Higgs models 51,52,53,54,55,56^ g^^^ Q^g ^g^j^ ^^len compute the 
contributions from new physics to the precision observables in terms 
of (41) supplemented by the new physics model parameters {q}: 

^theory ^ ^tree^^^ q^^^z) [l + Af^'{{p}) + A^P{{p, q})] , 

(55) 

redo the fits and derive best fit values and constraints on {q} in a 
similar way as was done for {p}. In full generality (i.e. full leading 
order corrections to all precision observables), the method is again 
very time-consuming, so it is usually applied for a single (or a few) 

observables. 

• Oblique pcirameters. A third method, which sits somewhere in 
between, is the method of the so called S, T, U parameters (also 
called Peskin-Takeuchi parameters ^7,58^^ amounts to making the 
approximation that the dominant new physics effects reside in the 
gauge boson propagators (self-energies). Notice that almost every 
electroweak observable involves some gauge boson propagator. So 
once we compute the new physics effects on the gauge boson propa- 
gators, we have essentially accounted for a whole class of corrections 
which appear in every observable, i.e. they are universal. In this 
method one neglects the process-specific corrections, i.e. the vertex 
and box corrections and the fermion (and Higgs) self-energies. Apri- 
ori we don't know whether this approximation is justified within a 
specific new physics model, however, there are many classes of mod- 
els where it works. In scenarios with many new particles, there is a 
simple argument as to why the oblique corrections are most of the 
story - the gauge bosons couple to all particles charged under the 
corresponding gauge group, hence their self-energy corrections are 
enhanced by the multiplicity of the new particles. In contrast, the 
fiavor of the loop particles in the process-specific corrections is fixed 
by the flavor on the external legs. To summarize, the advantages of 
the method are: 1) simple calculations (there aren't too many rele- 
vant diagrams): 2) universality i.e. the parameters are computed 
once and for all and affect all observables; 3) if S, T, U are added as 
free parameters to (41), their best fit values can be computed ahead 
of time by the fitting experts, and then supplied to model-builders, 
who in turn only need to learn to calculate S, T, U within a specific 
model and need not worry about the fitting procedure. 
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7.1. S, T, U parameters 

The S, T, U parameters are defined as ^ 



4-S2C2 



ae{Mz) 







n-j(M|)- 


n-j(o) 











S=:i^A^-^l^l^A^^ (57) 



(5 + ^) = (58) 



2 I ^ ; - 2 

where s'l is defined in terms of the MS ninning couplings as = 
g'^{Mz)/{g''^{Mz) +g^{Mz)). Notice that the S'jT,?/ parameters are de- 
fined so that for the Standard Model they are equal to 0. 

One can now consider S, T, U as floating parameters added to (41) and 
redo the fits to electroweak data. The current global fit result is ^ 

S = -0.14 ± 0.10(-0.08), (59) 
T = -0.15±0.12(+0.09), (60) 
(7 = +0.32±0.12(+0.01) (61) 

for rrih = 115.6 GeV (the parentheses show the change in going to m/i = 300 
GeV). Best fit contours in the S — T plane (for U = 0) are shown in Fig. 22. 
We see that 5 = T = is in the region of a light Higgs boson, i.e. in the 
absence of new physics, the fits prefer small nih, as we saw in the previous 
Section. However, a heavy Higgs is not out of the question, provided there 
are positive new physics contributions to T. 



7.2. Constraining new physics scenarios 

Previously we saw that precision electroweak data generally prefers a light 
SM Higgs boson (Figure 12), in which case any new physics effects ap- 
pearing through S, T and U should be small. However, this does not 
rule out a possible "conspiracy" ^9,60^ where the undesired contributions 
from a heavy Higgs boson in the SM are fortuitously cancelled by new 
physics effects. While a "conspiracy" is still a valid option in principle, 
the current thinking is that it would involve a large degree of fine-tuning 
and is therefore theoretically disfavored. As a result, we tend to like new 
physics models where no major deviations in the precision observables are 
expected. A simple and effective way to guarantee this is to have the new 
physics contribute only at the loop level, for example due to a conserved 
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Figure22. la constraints on S and T from various inputs. The contours assume rrih = 
115 GeV except for the central and upper 90% CL regions (shaded, from all data) which 
are for m^j = 340 GeV and m/j = 1000 GeV, correspondingly. All fits assume U = 0. 
(From Ref. 2.) 



symmetry which distinguishes the SM particles from the rest. Some well 
known examples are: supersymmetry with conserved i?-parity, Universal 
Extra Dimensions with conserved KK-paiity ''^j and little Higgs models 
with conserved T-parity Conversely, models with tree-level contribu- 
tions to electroweak observables (e.g. generic little Higgs theories) tend to 
have trouble with the data. 

8. Concluding Remarks 

Overall, the SM is in good shape, and the agreement between theory and 
experiment has in fact improved since the time of TASI-2002. The results 
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in Tables 1 and 2 are from 1 /03 ^ , while the electroweak data shown at the 
TASI school was from 7/01 Some notable changes and recent updates 
are the following: 



• Table 2 lists the Summer 2002 value for Mw (80.447± 0.042 GeV), 
but in the Winter of 2003 a revised ALEPH analysis lowered the 
LEP average to 80.412 ±0.042 GeV, which is closer to the SM best 
fit prediction and will lead to a small increase in the best fit value 
for nxh- 

• New measurements of Mw and are expected soon from Run II 

at the Tevatron. A new preliminary DO analysis ''^ of Run I data 
gives rrit = 180.1 ± 5.4 GeV, which again will raise the best fit value 
for rrih- 

• The NuTeV results on deep inelastic scattering in terms of sin^ 9w 
(0.2277 ± 0.0016) are 3.0(7 above the global fit value of 0.2228 ± 
0.0004. Possible explanations of the NuTeV anomaly include an 
unexpectedly large violation of isospin in the quark sea ^2,63^ ^j^g 
effect of an asymmetric strange sea 62,63,64^ nuclear shadowing 

or NLO QCD corrections 

• The status of the — 2 anomaly after the 2002 result from BNL 
was still somewhat uncertain, depending on the particular theo- 
retical analysis used to extract the hadronic contribution to the 
Standard Model prediction for — 2. In addition, last year the 
CMD-2 Collaboration at Novosibirsk discovered that part of the 
radiative treatment was incorrectly applied to their e+e^ data (a 
lepton vacuum polarization diagram was omitted) which prompted 
a reanalysis of the e+e~ data This subsequently brought the 
theory prediction in better agreement with experiment: the devi- 
ation was 1.9(7 (0.7f7) for the e+e" (r-based) estimates '^"■'^i. The 
final result based on negative muons has just been announced It 
is consistent with the previous measurements and brings the world 
average to a^,{exp) ^ 11659208(6) x 10"!° (0.5 ppm). The differ- 
ence between a^(e.Tp) and the SM theoretical prediction based on 
the e+e^ or r data is now 2.7(7 and 1.4(7, respectively. New re- 
sults from KLOE and BABAR may help sort out the theoretical 
predictions. If the discrepancy stands, an obvious candidate for a 
new physics explanation would be supersymmetry with relatively 
low superpartner masses and large tan/3 73,74 
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